We have examined the relationship between chemotherapy-induced mitotic catastrophe and cell death by apoptosis in both wild-type and p53 (-/-) 
Introduction
Mitotic catastrophe is a term used to describe cell death that occurs during or after a faulty mitosis. Mitotic catastrophe is the principal form of cell death induced by ionizing radiation and it has been identified as the main response to several antitumor drugs [1] [2] [3] . The rising of mitotic catastrophe appears to be controlled by a variety of cell-cycle-specific proteins (such as the cyclin B1-dependent kinase Cdk1, polo-like kinases and Aurora kinases), cell-cycle checkpoint proteins, survivin, p53, and members of the Bcl-2 family [3, 4] .
Moderate DNA damage activates p53, and wild-type p53 appears to promote two antiproliferative responses: apoptosis and senescence, whereas it can inhibit mitotic catastrophe [1] . Because tumor cells are frequently deficient in factors controlling the cell-cycle checkpoints, particularly functional p53, they may be predisposed to mitotic catastrophe after chemotherapy [1, 5, 6] . DNA damage combined with G2/M checkpoint deficiency leads cells to multinucleation, which may be followed by cell death [1, 3, 7] . Apoptosis and necrosis have been observed following multinucleation [8] [9] [10] [11] , and it has been proposed that mitotic catastrophe might not constitute a "genuine" cell death mechanism, but an oncosuppressive pathway that can precede cell death [12, 13] .
Although apoptosis can follow a faulty mitosis, mitotic catastrophe has been regarded as fundamentally different from apoptosis [1, 14] mainly because the overexpression of several antiapoptotic genes enhances the frequency of defective mitosis [1, 15] . This has raised the question of whether the large multinucleate cells that emerge after a faulty mitosis may become more invasive. Several in vivo and in vitro models have shown that the different cell death pathways are somewhat associated, and mitotic catastrophe can be accompanied by the release of pro-apoptotic proteins and caspase activation, which would entail that mitotic catastrophe shares some events used to define apoptosis [4, 16] . Thus, mitotic catastrophe may end in apoptosis-like cell death when caspases are active or in a caspase-independent cell death, and cells may also be committed to undergoing necrosis [3, 4, 17] . However, further details about what triggers the different responses are needed in the pursuit of targeting mitotic catastrophe as an antitumor strategy.
Paclitaxel (PTX), also known as Taxol, is a plant alkaloid commonly used in the treatment of several human carcinomas [5, 18] . It binds with high affinity to the β-subunit of tubulin causing decreased dynamic instability, increased microtubule rigidity and mitotic arrest, yet PTX-treated cells can show endoreduplication. The cellular effects of this drug depend on dose and treatment schedule [19, 20] , as well as on the p53 protein levels [21] . In the nanomolar range, it induces sustained mitotic arrest [18] and can trigger apoptosis [19, 22] . In general, cells that fail to complete cytokinesis after mitotic arrest caused by DNA or spindle damage become multinucleated and undergo mitotic catastrophe [2, 23] , which eventually ends in cell death or senescence.
We sought to gain new insights into the effect of nanomolar PTX concentrations on the final fate of cells undergoing mitotic catastrophe, as well as to examine whether apoptosis and necrosis are involved in the final fate of cells dying by mitotic catastrophe, during either mitosis or following re-entry in cell cycle after mitotic slippage. To this end, we have used HCT116 colon carcinoma cells bearing wild-type p53 and HCT116 cells whose p53 had been deleted by homologous recombination [24] . This experimental system provided a useful tool to study the role of p53 in the response of HCT116 cells to PTX. Nanomolar concentrations of the drug arrested HCT116 cells in G2/M before entering mitosis regardless of the presence of functional p53, which resulted in an altered distribution of cells in the cell cycle phases. In the presence of PTX, the percentage of polyploidy and of large multinucleate cells was higher in p53 (-/-) cells, indicating that mitotic slippage was more favored in p53-deficient than in wild-type cells. PTX caused mitotic catastrophe, and about 50% cells entered aberrant mitosis and died through an apoptoticlike route. Apoptosis, which occurred in the absence of significant activation of caspases, was estimated by Annexin-V-Fluos cell staining due to the presence of phosphatidylserine in the outer membrane of apoptotic cells [25] . Even though the lack of p53 facilitated endoreduplication and polyploidy, cells that were able to overcome the checkpoints were killed by the same mechanism as wild-type cells after re-entering the cell cycle.
Materials and methods

Cell culture and drug treatments
Wild-type HCT116 human colon carcinoma cells and a p53 (-/-) derived cell line were kindly provided by Dr. B. Vogelstein (John Hopkins University, Baltimore). Cells were maintained in 50% Dulbecco's MEM (Invitrogen)/50% Ham's F12 (Lonza) medium, supplemented with 10% fetal bovine serum (Invitrogen), 100 U/ml penicillin, 100 mg/ml streptomycin, at 37 °C in a humidified atmosphere with 5% CO 2 . A 1 mM paclitaxel (Sigma) stock solution was prepared in DMSO, maintained at -20°C, and brought to the final concentration just before use.
Exponentially growing cells subcultured at a density of 2.5 x 10 4 cells/ml were incubated with various concentrations of paclitaxel (PTX) at 37 °C. Moreover, 2 mM caffeine (Sigma) was also added in some experiments (see section 3.3).
Assessment of cell proliferation and viable cell number
The effect of PTX on HCT116 cell growth was determined by using the MTT-method as described elsewhere [26] . In brief, cells subcultured at a density of 5 x 10 4 cells/ml were incubated with various concentrations of PTX at 37 °C for 72 h. After incubation, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT, Sigma) was added to each culture ((50 mg)/well). The darkcolored crystals produced by viable cells were solubilized with 30 mM HCl in 2-propanol.
Absorbance was determined at 570 nm using a BioTek ELx800 microplate reader.
To determine the capacity of PTX to produce cell death, the reduction in the number of viable cells was assessed at different time intervals by assessment of the exclusion of Trypan blue (Sigma), as described elsewhere [23] .
In some experiments, co-treatments with the pan-caspase inhibitor Z-VAD-fmk Cancer Center, Houston), and 7 µM Z-VAD-fmk used to inhibit caspase-dependent cell death induced by 48-h treatments with WP631.
Analysis of cell cycle distribution and cell morphology after treatment
After treatment with PTX for various periods of time, the cells were harvested, fixed with 70% ethanol and stained with PI (propidium iodide, Sigma) as described elsewhere [26] . Nuclei were analyzed with a Coulter Epics-XL flow cytometer, using the 488 nm line of an argon laser and standard optical emission filters.
Cells were morphologically analyzed before and after PTX treatments by phase-contrast microscopy, using a Nikon Eclipse TS100-F microscope.
Cytometric assessment of apoptotic and necrotic cell death
Apoptosis was determined by using the Annexin-V-Fluos staining kit ( 
Changes in mitochondrial membrane potential
To measure the changes in mitochondrial membrane potential (Ψ mi ), untreated and PTXtreated cells were stained with the MitoProbe DilIC(5) Assay kit (Molecular Probes) following the supplier's protocol and analyzed in a Beckman Coulter Gallios Cytometer.
Determination of mitotic index and assessment of abnormal mitoses
To analyze the mitotic fraction, control and PTX-treated cells were fixed and incubated with the anti-phospho-histone H3 (ser10) antibody (Millipore) followed by Cy2-conjugated secondary antibody (Jackson ImmunoResearch). Stained cells were counterstained with PI and analyzed for Cy2 and PI fluorescence, and quantified by flow cytometry.
For the analysis of mitotic figures, about 50-100 µl of untreated or PTX-treated cells were dropped on clean slides with a Pasteur pipette and left to air-dry. Cells were fixed using Carnoy's solution (3 vol. methanol, 1 vol. glacial acetic acid). Slides were stained for 30 min with DAPI (Sigma) diluted in methanol, and examined under a Nikon E-800 fluorescence microscope.
Western analysis of protein levels
Protein was extracted from PTX-treated and untreated cells with a lysis buffer consisting of 50 mM Tris-HCl (pH 8), 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40 and 0.1 mM phenylmethylsulfonyl fluoride, containing 2 µg/ml aprotinin and 1 µg/ml leupeptin. 
Results
Preliminary studies showed that low nanomolar concentrations of PTX produced a transient halt of wild-type HCT116 cells in G2/M phase, which was too short to allow us to examine them experimentally, while micromolar concentrations of the drug were very toxic producing too high cell death levels after short incubation times. (Fig. 1E) . PTX induced the expression of p21 WAF1 (Fig. 1E) , while cyclin B1 levels were reduced in a time-dependent way, and this was concomitant with an enhancement of the cyclin D1 levels.
HCT116 cells treated with nanomolar concentrations of PTX were committed to dying by a caspase-independent route
Neither caspase 2 nor caspase 3 were activated after treatment of wild-type HCT116 cells with 95 nM PTX (Fig. 1E) To discriminate between apoptotic and necrotic cell death, cells were co-stained with PI and Annexin-V-Fluos. Cells showing high levels of staining with Annexin-V-Fluos, which measures the presence of phosphatidylserine in the outer membrane of apoptotic cells, and low levels of PI were scored as apoptotic (Fig. 1F) . Moreover, we also scored secondary apoptosis/necrosis characterized by having high levels of staining with both Annexin-V-Fluos and PI. As the percentage of primary necrosis was rather low after treatment with PTX (high staining with PI and low staining with Annexin-V-Fluos in Fig. 1F ), we confidently scored the double-stained cells as being mainly secondary apoptosis. These experiments were performed in duplicate with similar results. Quantification of one of them is documented in the figure.
On the other hand, wild type HCT116 cells were treated with PTX in the presence of Z-VADfmk, a pan-inhibitor of caspases, thus no caspase could activate alternative caspase-dependent apoptotic pathways. To substantiate that the concentration of the pan-caspase inhibitor was enough to abrogate the caspase-dependent cell death routes, we used bis-anthracycline WP631 to induce caspase-dependent cell death. Nanomolar concentrations of WP631 induced cell death in HCT116 cells ( Fig. 2A) , an effect strongly inhibited by the presence of the pan-caspase inhibitor at the same concentrations used when examining PTX. The y-axis scales in the different panels in Fig. 2A, right panel) . Figure 2B shows cell cycle distribution after treatments with 95 nM PTX in the absence/presence of Z-VAD-fmk. In the presence of the inhibitor, PTX-treated cells were halted at the same checkpoints, though the number of floating cells decreased, and it was more evident the presence of polyploid (> 4N) cells (cf. lower panels in Figs. 1B and 2B) . Furthermore, the number of apoptotic and necrotic cells was not significantly altered by the presence of Z-VAD-fmk (Fig. 2C) , supporting the hypothesis of a caspase-independent mechanism of cell death upon mitotic catastrophe. Besides, the absence of significant changes in mitochondrial membrane potential after treatment with PTX ( Fig. 2D ) strengthens our idea that the intrinsic pathway was not involved in the mechanism of cell death.
Caspase-independent cell death caused by PTX in HCT116 cells occurred regardless of the p53 status
To elucidate whether the caspase-independent apoptotic cell death observed upon treatment with 95 nM PTX may be somehow dependent on p53, we took advantage of HCT116 cells whose p53 gene had been deleted by homologous recombination [24] . The time-dependent antiproliferative effect of 95 nM PTX in HCT116 p53 (-/-) cells is shown in Fig. 3A , together with a decrease in cell viability induced by the drug. Treatment of these cells with caffeine plus PTX, which made them to override the G2 checkpoint, had little effect on both proliferation and cell viability. Caffeine increased the percentage of polyploid cells after treatment (Fig. 3B) . The presence of large multinucleate cells was documented using phase contrast microscopy ( Fig. 3C ).
The mitotic index was quantified, with 56.5% p53-deficient HCT116 cells being in mitosis after 24-h treatments (Fig. 3D) . PTX-treated p53-deficient HCT116 cells also showed a variety of mitotic abnormalities, including multipolar anaphases, uneven chromosome distribution and lagging telophases ( Supplementary Fig. S1 ).
At this point, it is worth emphasizing that the major difference between the behavior of wildtype and p53-deficient HCT116 cells was the higher proportion of polyploid cells that would arise by endoreduplication in p53 -/-cells. Cells contained the mitotic Histone H3[pS10] after 24-h treatments (Fig. 3E ), but they did not appear to be in mitosis afterwards. HCT116 p53 (-/-) deficient cells might undergo mitotic slippage more easily, re-entering a new cell cycle with altered ploidy, which occurred regardless of the presence/absence of caffeine. Furthermore, the absence of p21 WAF1 reactive to specific antibodies (Fig. 3E) implied that cells presented a weakened control on G1 and G2/M checkpoints. These results indicated that a failure to induce p21 WAF1 expression in p53-deficient cells resulted in the abrogation of the G2 checkpoint, consistent with previous observations [24, 27] . Changes in the levels of cyclin D1 and cyclin B1 (Fig. 3E ) were in keeping with the observed changes in cell cycle distribution shown in Fig. 3B .
To explore the presence of apoptosis and necrosis, drug-treated cells were co-stained with Annexin-V-Fluos and PI. Cells showing high levels of staining with Annexin-V-Fluos and low levels of PI were scored as primary apoptosis (Fig. 3F) . Results of those quantifications are presented in the figure panels. It is noteworthy that the percentages of cell death measured in either wild-type or p53 (-/-) cells were similar after 72-h treatment (cf. Figs. 1F and 3F ).
Discussion
It has been suggested that mitotic catastrophe is not a genuine cell death executioner mechanism, but a pathway that precedes cell death or senescence [12, 13] , and a large variety of in vitro and a few in vivo models have shown that it can shift to apoptosis or necrosis [1, 3] . This shift appears to be a general principle and depends on the cell model examined, the drug used, and its dose [9] [10] [11] 28] . After entering a faulty or aberrant mitosis cells can die during mitotic arrest or they can reach a new cell cycle round (mitotic slippage).
While apoptosis has been assumed to be the principal mechanism of cell death upon chemotherapeutic treatments, it has been suggested that in certain cancer cell lines PTX does not induce apoptosis but it can inhibit proliferation through other mechanisms depending on the cell type and the drug concentration [29, 30] . In this context, p53 levels may depend on the PTX concentration used [31] , so that low concentrations, like those used here, might reduce the functional transactivatory properties of p53, although this effect should be lower than that we observed in p53-deficient cells (cf. Figs. 1 and 3 ).
It is known that the induction of p53 and p21 WAF1 might produce either primary or postmitotic G1 arrest while inhibiting apoptosis, and that p21 WAF1 induction is fundamental for G1
arrest caused by microtubule dysfunction [30] . Here, we have shown that p21 WAF1 is induced after 1B and 3B and [19] ). Figure 1B shows that G1-like cells were mostly detached (floating) dead cells, as they stained with Trypan blue. However, caspases were not significantly activated. This observation is at variance with the view that p21 WAF1 induction, which we already observed in wild-type cells (Fig. 1E) but not in p53-deficient ones (Fig. 3E) , might cause post-mitotic arrest while inhibiting apoptosis. According to our results about 54% p53-deficient cells might be dying, in absence of p21 WAF1 via an apoptotic-like route since they showed high Annexin-V-Fluos labeling.
The percentage of cell death in wild-type HCT116 cells was slightly changed by the presence of a pan-caspase inhibitor (Fig. 2B) . The absence of significant activation of caspase 2 and caspase 3 can entail a caspase-independent apoptosis [13] . In any case, our results are consistent with that the therapeutic efficacy of taxanes would depend on whether slippage after mitotic arrest culminates in death by apoptosis or continued cell survival [5, 32] . The experiments undertaken with p53 (-/-) cells showed a slightly lower percentage of cell death (Fig. 3E) . Besides, the clear increase in the percentage of polyploidization would indicate that cells that were not committed to dying by caspase-independent apoptosis after 72-h treatments were re-entering the cell cycle with endoreduplication and absence of cytokinesis. The percentage of polyploid cells increased from about 32% to 45% when caffeine was added. This suggests that in p53-deficient cells mitotic catastrophe produced a surviving cell population, in agreement with that endoreduplication may result from the abrogation of mitotic checkpoint control [28] .
Our statement that about 50-60% HCT116 cells died through an apoptotic-like route after 72-h continuous treatment with nanomolar concentrations of PTX, even though neither caspase 3 nor caspase 2 active forms were detected, comes mainly from cell staining with Annexin-V-Fluos.
This measures the presence of phospholipids, such as phosphatidylserine, in the outer membrane of cells undergoing apoptosis, but not of normal cells [25] . We have also examined PTX-treated cells in the presence of a pan-caspase inhibitor. This inhibitor did not alter the patterns of cell death significantly. However, it is conceivable that inhibition of caspases, other than caspases 2 and 3, could be insufficient and therefore low levels of other caspases may partially drive cell death. We also show that post-mitotic cell death is largely independent of p53 and is only partially suppressed by the apical caspase inhibitor Z-VAD-fmk. These findings suggest that progression through mitosis following DNA damage initiates a cell death response that is independent of p53 and caspases, which might prevent propagation of genetic lesions [33] . The presence of a higher percentage of polyploid p53 (-/-) cells after treatment was in line with that prevention of polyploidy requires a p53-dependent G1 checkpoint and a functional spindle checkpoint [8, 34] .
Caspase-independent cell death pathways are considered to be an important safeguard mechanisms to protect the organism against unwanted and potential harmful cells when caspasemediated routes fail but can also be triggered in response to cytotoxic agents or other death stimuli [35] . Here, we have demonstrated that these pathways are operative in HCT116 human colon carcinoma cells upon PTX treatment, in keeping with the view that they may depend in drug doses and cell types [9] [10] [11] . Although it has been previously reported that mitotic catastrophe can result in cell death by caspase-independent mechanisms (reviewed in [15] ), our results peculiarly show cells that were killed by apoptosis rather than by necrosis. In the absence of direct evidence about the mechanisms and molecules involved in the apoptotic cell death that is working under our experimental conditions, it is clear that alternative protease activities must be capable of inducing apoptotic-like death [36] . Tentatively, we consider that some cathepsins, which possess strong proteolytic activities and have linked to apoptosis [36, 37] , could be operative after PTX treatment.
We have observed that apoptotic-like cell death arises from mitotic catastrophe in both wildtype and p53 (-/-) HCT116 cells. Induction of apoptosis may require both activation of the spindle assembly checkpoint and mitotic slippage [38] . Furthermore, some of the polyploid cells that were multinucleated and presented micronuclei (Figs. 1C and 3C ) might still be eliminated by apoptosis executed by a Bax-dependent mitochondrial pathway [8] , which can occur by p53 transcriptiondependent and -independent pathways [39] . Although the relation between the spindle checkpoint and cell death remains obscure, it has been suggested that BUB1 mediation of caspaseindependent mitotic death determines cell fate [40] . Furthermore, the perturbation of microtubule dynamics induces BIM translocation from microtubule to mitochondria, where it could exert its pro-apoptotic activity [41] . The absence of significant changes in the mitochondrial membrane potential after treatment with 95 nM PTX (Fig. 2D) suggests that those pro-apoptotic responses would occur without important changes in mitochondrial physiology.
Given that p53 is known to be inactivated in most human cancers, mitotic catastrophe underlines the killing of cells after chemotherapy. At present, understanding how cells actually die during caspase-independent cell death is limited [42] . Further clarification of caspaseindependent cell death induced by anticancer drugs might lead to significant improvement of current chemotherapy.
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